African swine fever (ASF) is an emerging disease threat for the swine industry worldwide. No ASF vaccine is available and progress is hindered by lack of knowledge concerning the extent of ASF virus (ASFV) strain diversity and the viral antigens responsible for protection in the pig. Available data from vaccination/challenge experiments in pigs indicate ASF protective immunity is haemadsorption inhibition (HAI) serotype-specific. A better understanding of ASFV HAI serological groups and their diversity in nature, as well as improved methods to serotype ASFV isolates, is needed. Here, we demonstrated that the genetic locus encoding ASFV CD2v and Ctype lectin proteins mediates HAI serological specificity and that CD2v/C-type lectin genotyping provides a simple method to group ASFVs by serotype, thus facilitating study of ASFV strain diversity in nature, and providing information necessary for eventual vaccine design, development and efficacious use.
African swine fever (ASF) is an acute viral haemorrhagic disease of domestic swine with mortality rates approaching 100 % (Coggins, 1974; Mebus, 1988; Montgomery, 1921) . Devastating ASF outbreaks and the continuing epidemic in the Caucasus region and Russia (2007 to present) highlight the significance of this disease threat (Gogin et al., 2013; Sánchez-Vizcaino et al., 2013) . No ASF vaccine is available, although protection against homologous virus challenge has been observed (Detray, 1957; Gó mez-Puertas et al., 1998; Leitão et al., 2001; Lewis et al., 2000; Malmquist, 1963; Ruíz et al., 1981; Zsak et al., 1996) . Vaccine and disease control progress is hindered by lack of knowledge concerning the ASF virus (ASFV) antigens responsible for inducing protective immunity and their diversity in nature.
Although ASFV serological assays used for disease diagnosis have focused on conserved cross-reactive viral proteins (Cubillos et al., 2013; Gallardo et al., 2013) , evidence indicates distinct antigenic types of ASFV exist based on haemadsorption inhibition (HAI) serological typing (Coggins, 1968; Detray, 1957; Malmquist, 1963; Pan et al., 1974; Vigário et al., 1970 Vigário et al., , 1974 . Eight ASFV serogroups have been identified, although more likely exist (Balyshev et al., 1995 (Balyshev et al., , 2010 Sereda & Balyshev, 2011; Sereda et al., 1992; Vishnjakov et al., 1995) . Notably and of particular significance for vaccine development, ASF protective immunity appears to be serotype-specific, as viruses within a serogroup cross-protect against one another (Balyshev et al., 1995; Sereda & Balyshev, 2011; Sereda et al., 1992; Vishnjakov et al., 1991; A. Malogolovkin and others, unpublished data) . Furthermore, HAI typing places ASFV into discrete serogroups not necessarily resolved by conventional P72 capsid protein gene typing, as ASFV of serogroups 1, 2 and 4 fall into P72 genotype I (Malogolovkin et al., 2015) . HAI is impractical for routine ASFV serogrouping, as it requires live virus and convalescent serum from rarely surviving animals, and as ASFV HAI antibodies appear late and at relatively low titre during infection (Malmquist, 1963; Ruíz-Gonzalvo & Coll, 1993; Ruíz-Gonzalvo et al., 1986; Vigário et al., 1970) . 
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Journal of General Virology 96 needed. Two ASFV proteins, CD2v (EP402R) and C-type lectin (EP153R), have been shown to be necessary and/or sufficient for ASFV haemadsorption in vitro (Borca et al., 1994 (Borca et al., , 1998 Galindo et al., 2000; Neilan et al., 1999; Rodríguez et al., 1993; Ruíz-Gonzalvo et al., 1996) . Also, comparative genomics indicated that the locus containing adjacent CD2v and C-type lectin genes is amongst the most variable in the ASFV genome (Chapman et al., 2008; Tulman et al., 2009) . Thus, ASFV CD2v and C-type lectin are candidate proteins for mediating HAI.
To examine the association of CD2v and C-type lectin with serogroup specificity, we conducted gene PCR, amplicon sequencing and comparative analysis on a collection of ASFV isolates previously characterized as to serogroup (Table 1) . Viral DNA was extracted from either archived, frozen samples of infected swine tissue or from blood of viraemic animals (Qiagen). The C-type lectin/CD2v gene region was sequenced using multiple overlapping amplicons and an Applied Biosystems 3130 genetic analyser (Life Technologies). Data were analysed using the phrap package Gordon et al., 1998) , EMBOSS (Rice et al., 2000) , Seaview4 (Gouy et al., 2010) , MAFFT (Katoh et al., 2002) and PhyML .
Data from diverse isolates supported high levels of amino acid and indel variation in previously described intra-and extracellular domains of the CD2v type II membrane protein and C-lectin type I membrane protein (Borca et al., 1994; Galindo et al., 2000; Kay-Jackson et al., 2004; Neilan et al., 1999; Rodríguez et al., 1993) (Fig. S1 , available in the online Supplementary Material), consistent with previous reports of increased variability at the lectin/CD2v locus in the ASFV genome (Chapman et al., 2008; Tulman et al., 2009) . Copy number variation was observed in repetitive domains, including the cytoplasmic CD2v PPPKPC repeat domain which mediates interaction of CD2v with cellular actin-binding adaptor protein SH3P7 (Kay-Jackson et al., 2004) . Variability in extracellular domains was noted as involving regions rich in asparagine (Fig. S1 ), and asparagine variation in CD2v and C-type lectin impacted serogroupspecific differences in predicted N-glycosylation (17 to 25 and seven to nine total potential N-glycosylation sites, respectively), potentially affecting ligand-binding or antigenic specificities of CD2v and C-type-lectin glycoproteins (Galindo et al., 2000; Kay-Jackson et al., 2004) . Conceivably, these differences in CD2v and C-type lectin primary sequence affect or define the structure and/or glycosylation potential important for haemadsorption and, moreover, the specificity which defines the HAI phenotype and ASFV cross-protection. Mutations predicting functional CD2v and C-type lectin disruptions similar to those reported previously (Chapman et al., 2008) were observed in certain isolates (Table 1) , and, where possible, reading frames were logically corrected for analyses here.
Given CD2v and C-type lectin variability and their importance in haemadsorption, and notably given the lack of serospecific resolution using standard P72 genotyping Fig. 1 . Maximum-likelihood trees of ASFV (a) CD2v and (b) C-type lectin protein sequences. Protein signature domains were analysed using an LG model of substitution, four rate classes and 100 bootstrapping replicates as implemented in PhyML. Bootstrap values .70 are indicated at appropriate nodes. Serogroup status of typed viral taxa are indicated (_SG# and colour text: SG1, orange; SG2, violet; SG3, turquoise; SG4, red; SG5, green; SG6, pink; SG7, brown; SG8, blue), as are haemadsorption-positive viruses that fail to react with reference antisera (_SG? and bold text). BA71V and E70X represent identical sequences of SG4 viruses heavily represented in public databases. Trees from neighbour-joining and parsimony analyses gave similar topology.
A. Malogolovkin and others (Malogolovkin et al., 2015) , a correlation between genotype and HAI phenotype was examined. Suitable extracellular protein subdomains, corresponding to aa 109-196 and 67-166 of ASFV isolate L-57 (GenBank accession number KM609344) CD2v and C-type lectin proteins, respectively (Fig. S1 ), were selected for phylogenetic analyses.
Data indicated that both CD2v and C-type lectin-based phylogenetic groupings correlated with available serogrouping data (Fig. 1) . Sequences from viruses of similar serotype were often identical or nearly identical, grouping closely and reliably within the tree relative to isolates of different serotype. Increased intra-cluster genetic distances and lower cluster support were seen amongst viruses reacting with SG8 reference antisera. The CD2v central domain was targeted in a single-amplicon screen of additional ASFV isolates to strengthen genotype/serotype associations (Fig. 1a) . CD2v and C-type lectin protein domains thus represent potential signatures for ASFV serospecificity.
Outlier ASFV isolates not clustering with, and with increased genetic distance to, serospecific groups were notable. The most notable amongst these were four isolates (Magadi, Davis, Bartlett and Killearn) untypable with SG1-SG8 reference antisera (Sereda & Balyshev, 2011; Vishnjakov et al., 1995) . Additional outlier sequences included several previously available in public databases, although available sequences also fell within serotypic clusters (Fig. 1) . Genetic outliers to reference serogroups, highlighted by those lacking reference serum HAI reactivity, potentially represent viruses of novel, and yet-to-be-established, serogroups. Significantly, phylogenetic data support a role of one or both proteins mediating HAI serospecificity.
To assess the direct role of CD2v and C-type lectin proteins in ASFV HAI serospecificity, chimeric ASFVs recombinant at the CD2v/C-type lectin locus were constructed and evaluated by HAI assay. Parental viruses Congo (KK-262, SG2) and France (FK-32/135, SG4) were used to generate chimeras (Congo France CD2v/Lectin and France Congo CD2v/Lectin , respectively) in which native CD2v/C-type lectin genes were deleted and replaced by those from the heterologous virus. Recombinants were constructed essentially as described previously, using recombination vectors with heterologous CD2v/C-type lectin gene sequences and a GFP reporter gene flanked by 0.5-0.7 kb homologous sequence to mediate recombination (Diel et al., 2011; Lewis et al., 2000; Zsak et al., 1996) . COS-1 cells were infected with parental virus (m.o.i. 5) and transfected with recombination vectors. Recombinant viruses were isolated by limiting dilution and plaque assay using fluorescence microscopy. Viral purity and recombinant sequence fidelity were verified by PCR and DNA sequencing. Chimeric viruses exhibited normal growth characteristics and haemadsorption in macrophage cell cultures (data not shown).
HAI assays were performed in swine macrophages as described previously (Ruíz-Gonzalvo et al., 1996; Vishnjakov et al., 1995) using parental and chimeric ASFVs and hyperimmune reference antisera prepared to Congo (SG2) and France (SG4) viruses. As expected, HAI serological specificity was observed for Congo and France parental viruses and their respective serogroup-specific reference antisera. Notably, HAI serogroup specificity was shifted in the chimeras. Congo France CD2v/Lectin exhibited HAI with SG4 but not SG2 reference antiserum. France Congo CD2v/Lectin exhibited HAI with SG2 but not SG4 reference antiserum (Table 2) .
Overall, our data indicate that ASFV CD2v and/or C-type lectin proteins are necessary and sufficient for mediating HAI serological specificity, and that ASFV CD2v and Ctype lectin signature sequencing provides a simplified method to group ASFVs by serotype. CD2v/C-type lectin genotyping will facilitate the study of ASFV strain diversity and antigenic variability, and provide information critical for vaccine design, development and use. ASFV CD2v and C-type lectin
